Characterization of soil hydrodynamic properties is important for assessing the soil water regime. Ex situ measurements are costly and time consuming. Reflectance spectroscopy can rapidly estimate several soil properties, including soil water content (SWC). Here, we evaluated the ability of visible (vis) and near-infrared (NIR) spectroscopy to assess the effects of soil texture and soil organic carbon (SOC) content on SWC. Thirteen undisturbed soil surface blocks were sampled in 2014 across the Brittany region, western France. Textural classes ranged from sandy loam to sandy clay loam texture, and SOC content ranged from 8.12 g kg −1 to 62.3 g kg −1 . Aggregates of 3-4-cm width and 5-6-cm height were extracted and set at 10 matric potentials from saturation to permanent wilting point (1585 kPa). At given pressure heads, soil samples were scanned in triplicate to acquire reflectance spectra between 350 and 2500 nm. Spectra were converted into continuum removal and we focused on the absorption band near 1920 nm, which is linked to combination vibrations of water. We defined a new index based on the full width at half maximum (FWHM) of the absorption feature near 1920 nm. Results showed a linear relation between this NIR index and the volumetric SWC (R 2 > 0.9) for every soil aggregate. The slope and the intercept of the line were correlated well with soil texture and SOC content. Results indicated that the parameters of this linear relation offer a new way to study SWC and water retention properties of soils in relation to their physical properties.
Introduction
Soil water content (SWC) is one of the major hydrodynamic soil properties that govern soil functioning in agroecosystems and greatly affects soil management. It is also the key factor across a range of environmental processes, including successful plant growth and productivity, erosion, pedogenesis, soil biogeochemistry and water regime, particularly in unsaturated soils. To understand and model these processes, the monitoring of soil hydrodynamic properties over large areas is highly desirable. texture, clay, sand and organic matter (OM) contents, and bulk density (Patil & Singh, 2016) . However, PTFs are still inaccurate for predicting some of the hydrodynamic soil properties. They may also require analytical data to calibrate a predictive model.
Over the last decades, diffuse reflectance spectroscopy (DRS) techniques have been used increasingly. Methods based on DRS offer several advantages compared with conventional ones because they are rapid, cost-effective and non-destructive. Therefore, the spread within the soil science community of soil spectroscopy in the visible (vis), near (NIR) and mid-infrared (MIR) spectral ranges enabled various physical, chemical and biological soil properties to be assessed Genot et al., 2014) , especially SWC (Bowers & Hanks, 1965; Lobell & Asner, 2002) , SOC content, cationic exchange capacity (CEC), clay, silt and sand contents, and pH (Ben Dor et al., 2003; Minasny et al., 2008; Rodionov et al., 2014) . Furthermore, investigating the spectral characteristics of soil samples showed correlations between soil spectra, SOC content and SWC. Overall, several studies have shown that soil reflectance in the vis-NIR decreases with OM (Rodionov et al., 2014) and SWC (Lobell & Asner, 2002; Whiting et al., 2004) .
The vis-NIR spectroscopy studies of SWC have been investigated for three main purposes: (i) variation in laboratory (Bowers & Hanks, 1965; Lobell & Asner, 2002) and field (Kaleita et al., 2005) observations of reflectance spectra with SWC, (ii) prediction of SWC using either the entire spectrum (Mouazen et al., 2006; Janik et al., 2007) or some absorption bands (Whiting et al., 2004; Zhu et al., 2010) and (iii) the effect of moisture on the quality of prediction of some soil properties (Stenberg, 2010; Rodionov et al., 2014) . However, vis-NIR spectroscopy has rarely been used to assess the effects of texture and SOC content on SWC and ultimately soil water retention (SWR). Janik et al. (2007) predicted SWC for a large variety of surface soils from southern Australia at a range of matric suctions from 1 to 1500 kPa by MIR spectroscopy and partial least squares (PLS) regression. They concluded that the MIR PLS prediction method performed at least as well as some PTFs. McBratney et al. (2006) used reflectance spectra of soils to predict various soil properties (clay, silt, sand, SOC, CEC and pH) by PLS regression, which were in turn used in an inference system to predict other important and functional soil properties with PTFs (bulk density and available water capacity). Santra et al. (2009) and Babaeian et al. (2015) evaluated the PTF approach in the use of spectral reflectance over the vis-NIR region (350-2500 nm) for predicting SWR curves in the place of basic soil properties. They showed that these new transfer functions, called spectrotransfer functions (STFs), have similar accuracy to those of PTFs for estimating hydrodynamic properties. They further developed point and parametric transfer functions based on the van Genuchten soil hydraulic model (VG). More precisely, they developed STFs that related VG hydraulic parameters to spectral reflectance values. They also derived point transfer functions that estimated either hydraulic conductivity (Ks) (Santra et al., 2009) or SWC at specific matric potentials (Babaeian et al., 2015) .
This study aimed to validate the hypothesis that soil reflectance, and more specifically the absorption feature of water near 1920 nm, can be used to evaluate the effect of texture and SOC content on SWC and SWR. For this purpose, we defined a new spectral index based on the absorption band near 1920 nm and we established its relation to volumetric SWC of various topsoils from Brittany (western France) at different pressure heads from saturation to permanent wilting point.
Materials and methods

Soil dataset
The study area is in the Armorican Massif in Brittany (Figure 1) , western France, which is characterized by a heterogeneous landscape with different soil textures, SOC contents and soil parent materials. Soil data come from the latest 2014-2015 soil survey (228 horizons from 64 soil profiles) of the 'Sols de Bretagne' project across the whole of the Brittany (Bretagne) region, representing a large diversity of soil conditions (see www.sols-debretagne.fr for more detail and online digital maps). The rationale for this survey was as follows. In each observed horizon, a sample was collected for analysis of physicochemical properties, as well as an undisturbed block of soil for SWR properties and spectral measurements. The particle-size distribution was measured by the Robinson pipette method according to the NF X31-107 certified method (AFNOR, 2003) and five classes were determined: clay (0-2 μm), fine silt (2-20 μm), coarse silt (20-50 μm), fine sand (50-200 μm) and coarse sand (200-2000 μm). The SOC content was measured by dry combustion with a CHN analyser (Thermo Finnigan EA 1112, Milan, Italy) according to the NF ISO 10694 certified method (AFNOR, 1995) . Undisturbed soil blocks were stored in a cold room at 4 ∘ C until required for physical and spectral measurements.
For this study, we selected 13 organo-mineral A horizons out of 59 A horizons using conditioned Latin hypercube sampling (cLHS). This method is a stratified random procedure that provides an efficient way of sampling variables from their multivariate distributions . The cLHS enables organo-mineral A horizons to be selected with a good representation of the regional soil diversity according to environmental covariates. For covariates, we used soil parent material, textural class using the French GEPPA (Groupe d'Etude pour les Problèmes de Pédologie Appliquée) 17-class texture triangle (1963), the SOC content and the fine silt/coarse silt ratio. The GEPPA textural triangle for the soil samples selected is shown in Figure 2 .
The SWC measurements at different pressure heads
In the laboratory, each block of soil was broken down at the field moist state into aggregates of approximately 3-4-cm width and 5-6-cm length. Four aggregates were collected in quadruplicate for measurements, thus enabling us to obtain 52 aggregates. Once saturated with deionized water, all aggregates were first placed on the suction table apparatus and then in a pressure cell to be dried gradually. Aggregates were brought successively to pressure heads of −1 and −3.2 kPa (corresponding to pF 1 and 1.5, respectively) on the suction table apparatus. Then, they were brought to pressure heads of −10, −20, −31.6, −63, −100, −316, −1000 and −1585 kPa (corresponding to pF 2, 2.3, 2.5, 2.8, 3, 3.5, 4 and 4.2, respectively) using a pressure cell following the ISO 11274 standard (AFNOR, 1998) . At each pressure head, the wet weight of soil aggregates was taken. Finally, the aggregates were oven-dried at 105 ∘ C for 48 hours and their dry mass was then weighed to determine their gravimetric SWC at the different matric potentials. The dry bulk density (BD) was measured for the whole aggregates by the kerosene displacement method (Abrol & Palta, 1968) , according to the X31-505 standard (AFNOR, 1992) . For each soil aggregate, the gravimetric SWC was then converted to volumetric SWC and we calculated the total porosity by considering a particle density of 2.65 g cm −3 . The SWC, BD and total porosity of the four aggregates were averaged at different pressure heads.
Spectral scanning and spectral treatments
Once the desired water pressure head was reached and after soil aggregates had been oven-dried, reflectance spectra of soil samples were recorded with a full range vis-NIR spectrometer (ASD Fieldspec ® 3, Analytical Spectral Devices Inc., Boulder, CO, USA) from 350 to 2500 nm wavelength with a sampling interval of 1 nm. The ASD spectrometer was used in a bare fibre optic configuration with a 25 ∘ view angle. All spectra were recorded using a standard contact probe that embeds both an optical fibre and a halogen bulb light source with a colour temperature of approximately 2901 K. This reduces errors associated with stray light during measurement and atmospheric water content. Before spectral acquisition of each soil sample, the ASD spectrometer was optimized on a dark current followed by a white reference panel (Spectralon ® ). Spectral measurements were taken in the laboratory in a dark room. At given pressure heads and for each soil aggregate, reflectance spectra were acquired in triplicate by slightly modifying the position of the contact probe. As a result, the single spectrum for a given soil aggregate was an average of 30 scans and the final spectrum used in the treatment was an average of the three replicates. The total time for recording the spectra was standardized to 6 s per aggregate to avoid heating and drying of the samples. To exclude noisy ranges of vis-NIR spectra, the spectral interval was narrowed to 400 to 2500 nm. Each spectrum was corrected with a splice correction and the continuum removal (CR) technique (Clark & Roush, 1984) was applied to all spectral data. It was applied to ease interpretation of the absorption features in a diffuse reflectance spectrum by normalizing spectra to a common baseline. 
A new soil water spectral index (SWSI)
Soil is a heterogeneous mixture of various constituents; therefore, a unique spectral response for soil properties is by no means certain (Chang et al., 2001) . One method of evaluating the spectral response for a soil property is to study the relation between wavelength and the value of the soil property. The strong change in both water absorption features near 1440 and 1920 nm suggests they could support an effective indicator for characterizing SWC. Moreover, the depth of the absorption band near 1920 nm is deeper and changes over a wider range of magnitude than the one near 1440 nm, which suggests that the 1920 nm absorption feature is more sensitive to changing water content. Therefore, we focused on this water absorption feature near 1920 nm to define a new NIR spectral index that will be related to soil water status with drying. More precisely, at a given pressure head we measured the full width at half maximum (FWHM) of the 1920 nm absorption band (i.e. the width at half of the height of the feature). We defined the new index, which we called the soil water spectral index (SWSI), as follows:
where SWSI i is the soil water spectral index at the ith value of the pressure head, FWHM i is the full width at half maximum at the ith pressure head and FWHM sat is the full width at half maximum at saturation. The index is a function of the normalized FWHM and characterizes soil dryness because it is 0 at saturation and increases towards 1 with drying.
Statistical analyses
Statistical analyses were conducted using the R (v. 3.5.0) statistical programming environment. Least squares regression was carried out for each soil sample to establish the regressions relating SWC to SWSI for the ten pressure heads considered, and the assumptions of linear regression were checked. The Pearson correlation matrix was calculated to explore the correlations between soil properties (SOC, texture and BD) and two parameters obtained from the relation between SWC and SWSI. Prior to Pearson correlation analysis, the statistical distribution was examined for these variables. Furthermore, we defined three classes of SOC content and within each class, soil samples were split into two texture classes, which enabled six groups to be identified from our dataset. We carried out an analysis of variance (anova) to assess whether the mean values of the two parameters of the SWC-SWSI relations were different between groups at P = 0.05. Prior to anova, the assumptions of equality of variances and normality of the residuals were checked with the Bartlett and Shapiro-Wilk tests, respectively. The independence of the data was verified because, for a given soil variable, its value for each soil was independent of those of other soils. Fisher's least significant difference (LSD) test was carried out to check which SOC and texture groups were significantly different.
Results and discussion
Soil properties
The physicochemical properties of the soil samples are provided in Table 1 . Soil samples display a wide range of soil textural classes from sandy loam to sandy clay loam textures ( Figure 2 ) and of SOC contents from 8.12 to 62.30 g kg −1 , which were consistent with the typical textures and SOC contents observed across Brittany. Clay content was small for most soil samples (clay <30%), silt content had a wide range (28-76%) and sand content ranged between 9 and 58%. Bulk density of the clods for all soil samples ranged between 0.92 and 1.73 g cm −3 .
Variation in soil spectral reflectance with soil texture and SOC content
The vis-NIR diffuse reflectance spectrum of soil is the result of interactions between the incident electromagnetic radiation and soil chemical and physical characteristics. Soil chemical elements such as organic and mineral compounds, as well as the adsorbed and interstitial soil water, absorb a fraction of the incident light at specific wavelengths (Viscarra Rossel & Behrens, 2010). The soil particle size and resulting surface roughness are also factors that strongly influence the soil spectral response in vis-NIR (Sadeghi et al., 2018) . In general, a decrease in particle size leads to an increase in scattering and so to an increase in soil reflectance. Thus, different soil textures have different shapes of spectra. Three soil samples were selected from our dataset to illustrate the specific change in reflectance spectra as affected by texture and SOC content (Figure 3) . Sample A3 was a coarse-textured soil and the other two (A9 and A10) were fine textured. According to the GEPPA 17-class texture triangle (Figure 2 ), A3 is identified as Ls (i.e. Loamy sand), A9 and A10 are both identified as LAS (i.e. Sandy clay loam). Each spectrum in Figure 3 is an average of the four replicated scanned spectra of soil aggregates after they had been oven-dried. Samples A3 and A10 have large SOC contents, but with a small difference, 48.65 and 50.85 g kg −1 , respectively, whereas A9 had a smaller SOC content (19.68 g kg −1 ). Figure 3 shows that the overall reflectance increases with the increase in fineness of soil texture because of the dominance of clay particles in the soil. Previous researchers (Ben Dor et al., 2003; Stenberg, 2010) who showed that reflectance in the vis-NIR spectral range increases when clay content increases also reported this known global tendency. According to Genot et al. (2014) , the effect of particle size on the spectrum of reflected light intensity is inversely proportional to the particle diameter. Sandy soils with the largest diameters absorb more light than those with medium and fine particles. This can be explained by the optical properties of different soil types. In theory, scattering at the surface allows light to change its direction of propagation and it is the passage through the various materials that causes the absorption. There is a mean optical path length, which can be used to describe the absorption process (Clark & Roush, 1984) . Increasing the length of a mean optical path leads to an increase in the probability of absorption and consequently to a decrease in reflectance. Both Nolet et al. (2014) and Janik et al. (2016) associated the increase in particle size of soils such as coarse soils with an increase in the mean optical path length, and therefore with the decrease in reflectance. Nevertheless, a decrease in reflectance with the increase in soil fineness was also observed by other authors (Santra et al., 2009) .
The soil samples, A9 and A10, that were selected from the same textural class (LAS) with similar sand:clay ratios (Table 2 ) differ significantly in their SOC content: 19.68 and 50.85 g kg −1 , respectively. Figure 3 shows that for similar soil textures, reflectance intensity is inversely related to SOC content. A decrease in reflectance spectra with the increase in SOC content has been reported in numerous studies (Chang et al., 2001; Rodionov et al., 2014) .
Variation in soil spectral reflectance with SWC
The effect of moisture on soil NIR reflectance spectra has been documented in several previous publications. As expected, our results showed that the reflectance intensity of all soil samples decreased as SWC increased, which accorded largely with the reported behaviour in the literature (Lobell & Asner, 2002; Zhu et al., 2010). Moreover, soil reflectance decreased systematically, but not proportionally, with increasing matric potential (Knadel et al., 2014) . Figure 4 (a) shows an example with the reflectance curves for sample A11 at different moisture levels, from saturated to the oven-dried state. The largest reflectance was obtained for the oven-dry sample at 105 ∘ C, and conversely the smallest reflectance curve was obtained for the wettest state. Moreover, increasing SWC affected the shape of spectra because of the occurrence of well-defined water absorption bands near wavelengths of 1440 and 1920 nm. Zhu et al. (2010) located these absorption features at 1450 and 1940 nm, whereas Demattê et al. (2006) identified them at 1400 and 1900 nm. These absorption features were emphasized more with the use of continuum removal (Figure 4b ). The feature near 1440 nm is related to the hydroxyl functional group O-H and water molecule vibration, and the feature near 1920 nm is linked to water molecules themselves (Clark, 1999) . The water tends to widen and lengthen these two absorption features. The absorption band near 2200 nm results from the vibrations of hydroxyl ions associated with clay minerals and structural water integrated into the crystalline structure of clay minerals (Ben Dor et al., 2003) . In contrast to the bands near 1440 and 1920 nm, the amount of water does not noticeably affect the magnitude of that band. However, when the absorption band near 1920 nm becomes stronger, it partly or completely overlaps the band near 2200 nm, depending on clay content and mineral types (Demattê et al., 2006) . The absorption feature in the visible range of the spectrum (400, 700 nm) is a result of electronic transitions in the iron oxides. The 
Fine-textured soils
Coarse-textured soils Figure 5 The soil water content (SWC) plotted against the soil water spectral index (SWSI) for different soil organic carbon (SOC) contents and soil textures ( , coarse-textured soil with large SOC content; , coarse-textured soil with small SOC content; , medium-textured soil with large SOC content; , medium-textured soil with small SOC content; , fine-textured soil with large SOC content; , fine-textured soil with small SOC content).
effect of water in this spectral range is weak and is associated with colour because soil darkness changes with variable water content. Furthermore, Figure 4 also shows that the depth of the absorption band near 1920 nm is deeper and changes over a wider range of magnitude than the depth of the 1440 nm band, which means the 1920 nm absorption feature is more sensitive to changing water content. Some authors (Bowers & Hanks, 1965; Stenberg et al., 2010; Zhu et al., 2010) have found this band to be better for estimating the SWC than the band near 1440 nm. For example, some authors found a decreasing exponential relation between SWC and the CR at 2200 nm (Lobell & Asner, 2002) . However, other authors estimated soil moisture by a multiple linear regression model based on the area of the absorption features near 1400, 1900 and 2200 nm (Demattê et al., 2006) . The partial least squares (PLS) regression was also used to predict SWC from the reflectance taken over the entire vis-NIR electromagnetic spectrum (Kaleita et al., 2005; Mouazen et al., 2006; Kim et al., 2014) . Now, focusing on the more specific feature of water absorption at 1920 nm, Figure 4 (c) shows that the observed broadening can be characterized by the full FWHM of the band. The strong change in FWHM with drying suggests that it will be an effective indicator for characterizing SWC; therefore, we expect a relation between FWHM and SWC.
The SWC versus SWSI
In addition to observed changes in reflectance, we considered the effect of SWC on FWHM of the absorption feature near 1920 nm. The result of continuum removal shows an increase in FWHM with an increase in SWC (Figure 4c ) and FWHM appears to be correlated with SWC. The relations between SWC and SWSI are summarized in Table 2 for the 13 topsoil samples, and six of these are presented in full in Figure 5 . The SWSI shows a significant linear relation with the measured SWC, as illustrated by the six selected soil samples, taking into account variation in texture and SOC content. Figure 5 shows that SWC decreases linearly as the index of SWSI increases. Table 2 indicates that for all the samples the coefficient of determination R 2 is equal to or larger than 0.95. The R 2 values ranged from 95% for soil sample A2 to 99% for A13. Linear regression was highly significant for all soil samples with P < < 10 −5 . Slopes of the regression lines ranged from −1.345 (A8) to −1.144 (A12). Rather than slope in the following sections, we used its absolute value, which we denoted as AvS. The AvS parameter is such that for a variation of a unit in SWSI it gives the variation in SWC during drying. The smaller is the AvS value, the smaller is the variation in SWC and the associated amount of water released. Accordingly, AvS is directly related to SWR. Intercepts ranged from 0.521 m 3 m −3 (A2) to 0.663 m 3 m −3 (A13). The intercept was obtained when SWSI equalled zero, which was at saturation for FWHM and corresponded to the theoretical value of SWC at saturation. Figure 5 and Table 2 show clearly that the linear relation between SWC and the new spectral index SWSI is texture dependent. Indeed, the intercept that represents the volumetric SWC at saturation is mainly influenced by soil texture. The largest values of the intercept were observed for fine-textured soils from A10 to A13 and the smallest values were for coarse-textured soils A1, A2, A4 and A5 (Table 2 ). The SOC content also has an effect on the intercept. Regarding the coarse-textured soil, the effect was more pronounced for soil sample A3. For this sample the sand:clay ratio was 7, but SOC content was very large (48.65 g kg −1 ), which presumably explained the very small BD of 0.98 g cm −3
(i.e. large total porosity), and thus the large intercept value. For the fine-textured soils, two trends stood out and were linked to the sand:clay ratio. For soil samples A9, A10 and A11, the ratio was at least 1:1 and increasing SOC content significantly increased the intercept. However, for the soil samples A12 and A13 with ratios of 6:10 and 7:10, respectively, there was no effect on the intercept with increasing SOC content. The large value of the intercept was then mainly a result of the texture, and more precisely the clay content. Otherwise, the intercept, that is SWC at saturation, can also refer to water holding capacity (WHC) and is greatly controlled by soil texture, mainly clay content, and SOC content. In fact, soils with smaller particles (silt and clay) have a larger surface area than those with larger sand particles, and a large surface area enables a soil to hold more water. In other words, soils with large silt and clay contents have a larger WHC and intercept. The SOC content also affects WHC because of the affinity that organic matter has for water. Thus, as SOC content increased, the WHC increased and intercept increased.
The slope of the linear relation between SWSI and SWC is related to the SWR of a given soil because it corresponds to variation in the rate of water released (i.e. the variation in SWC for a unit variation in SWSI). Therefore, decreasing the slope leads to a greater SWR and less available water. Overall, our results accord with the widely known effects of texture and SOC content on SWR properties (Saxton et al., 1986; Rawls et al., 2003; Bronick & Lal, 2005) . The fine-textured soils A12 and A13 had a small slope. These samples were characterized by the small BD (i.e. large total porosity) of 1.06 and 1.09 g cm −3 , respectively. In general, more pore space could lead to greater SWR, although the pore-size distribution and SOC content also have an effect on this property. In the LAS textural class with a sand:clay ratio of 1:1, SOC content appeared to be an influencing factor because the slope increased with SOC content. It is known to improve aggregation and aeration of soils and thus their SWR.
Thus, it appears from our results that both slope, which gives SWR, and intercept, which is SWC at saturation, are related to soil texture and more precisely to the sand:clay ratio and to SOC content.
Correlation between soil physical properties and parameters of the linear relation
Different textures give rise to different pore sizes in the soil. When only one size of particle is involved, the pore size is proportional to the particle size (Dexter, 2004) . However, when a mixture of particle sizes is present, as is usual in soils, the situation is more complicated. Table 3 gives the Pearson correlation matrix for the parameters of the SWSI-SWC relation (AvS and intercept) and soil physical and chemical properties (BD, clay, silt, sand and SOC contents). Overall, the results are in accord with the observations made above ( Figure 5 and Table 2 ). The intercept was correlated at a P of 0.001 to soil physical properties. It was negatively correlated with BD (r = −0.75) and sand content (r = −0.44), whereas it was positively correlated with silt content (r = 0.36). Our results did not show any significant correlation between the intercept and clay content. The correlation was also significant and positive between the intercept and SOC content (r = 0.5). The AvS was significantly correlated with the intercept, BD and clay content, but with different levels of significance: P-values of 0.001, 0.01 and 0.05, respectively (Table 3) . Our results did not show any significant correlation between AvS and silt, sand or SOC contents. The correlation matrix ( Table 3 ) also shows that the effects of SOC, clay, silt and sand contents on AvS are opposite to those observed with the intercept. When clay content had a significant correlation with AvS, the effect of SOC content was not significant, and when sand and silt contents were significantly correlated with the intercept the effect of SOC content was highly significant. The non-significant effect of SOC content with a significant effect of clay content and vice versa suggests that the effect of SOC content is indirectly correlated with soil texture and that the relation of soil water retention to SOC content is affected by proportions of the textural components, in particular clay content.
A new approach for comparing hydrodynamic properties of soils
Our results above suggested that the two parameters AvS and intercept of the linear relation between SWSI and SWC were relevant to the study of hydrodynamic soil properties such as SWR and WHC. We propose a way to explore and compare these properties within our dataset in the plane based on the intercept and AvS. To emphasize our results, we defined three classes of SOC content (SOC ≤ 20, 20 < SOC ≤ 30 and SOC >30 g kg −1 ), and within each class the soil samples were split into coarse and fine-textured soil. Six groups (G1 to G6) were defined as shown in Table 4 ; odd groups were identified as coarse-textured soils and even groups as fine-textured soils. For each group, the average values of intercept and AvS were calculated (Table 4) . Moreover, the results of anova for both intercept and AvS showed ( Table 5 ) that SOC and texture separately had a significant effect on the intercept only, with P < 0.05, and there was no interaction between them. The pairwise comparison of the mean values of the intercept of the three classes of SOC content, carried out with Fisher's LSD test, showed that a significant difference was obtained only between the class of SOC with the larger contents Figure 6 Projecting groups of soil samples according to their texture and soil organic carbon (SOC) content in the plane of the intercept and absolute value of slope (AvS). Coarse-textured groups G1, G3 and G5 and fine-textured groups G2, G4 and G6.
(SOC >30 g kg −1 ) and the two other classes of SOC content (SOC ≤ 20 and 20 < SOC ≤ 30 g kg −1 ). For the two textural classes, Fisher's LSD test showed that the mean value of the intercept was significantly different between the coarse-textured and fine-textured soils. Figure 6 shows the distribution of the six groups in the plane of the intercept and AvS. At first glance, Figure 6 shows that the distribution of groups in this plane is related to both texture and SOC content and enables two clusters to be identified from the soil groups. Cluster 1, for the intercept, ranged between 0.5 and 0.6, and AvS ranged between 1.2 and 1.3, whereas for cluster 2 the respective ranges were 0.6 to 0.7 and 1.35 to 1.45. In cluster 1, moving from G1 to G2, that is from coarse to fine texture, brought out the textural effect, whereas moving from G1 to G3 showed the effect of increasing SOC content. In the first case, the fine-textured soils of G2 had on average a larger intercept and a smaller AvS, indicating larger WHC and SWR than for the coarse-textured soil of G1. In the second case, both G1 and G3 were identified as coarse-textured soils but with larger SOC content for G3; the position in the plane was in accord with the positive effect of SOC content on SWR and the increase in SWC at saturation and thus the intercept. Some similar observations can be made in cluster 2. The relative position of the coarse-textured group G5 compared with the fine-textured group G6, given that SOC content was similar and everything else remained the same, emphasized the effect of soil texture. Consequently, soils of G6 had on average a larger intercept and smaller AvS (i.e. a greater SWR). However, the relative positions of both fine-textured groups G4 and G6 were probably from the effect of increasing SOC content. In this case, the increase in SOC content improved WHC, and therefore the intercept. Further, the well-known effect of SOC content is the improvement in aggregation and soil structure, which affects pore-space distribution; therefore, the creation of macropores in fine-textured soils could explain the increase in AvS.
In general, WHC of coarse-textured soils was much more sensitive to the amount of SOC than fine-textured soils. In fine-textured soils, the effect of increasing SOC content on WHC or the intercept was much more significant when SOC content was increased slightly from 0 to 30 g kg −1 and became less sensitive with increasing SOC content of more than 30 g kg −1 . This trend accords with the ones reported by Rawls et al. (2003) and Minasny & McBratney (2018) , who observed that the sensitivity of WHC to changes in SOC content decreased as the clay content increased. Figure 6 also shows that the sensitivity of AvS to increasing SOC content depends on textural composition. A small increase in SOC content leads to a decrease in AvS in coarse soils and to an increase in AvS in fine-textured soils. A large increase in SOC content resulted in an increase in AvS for the two soil textures. In general, increased organic matter in soil influences soil aggregation and pore-space distribution, and the effects of SOC content are similar to those of clay content. Pore-size distribution is also affected by SOC content. Both macro-and micro-porosity might increase with an increase in SOC content . In coarse-textured soils, the increase in number of small pores is primarily the result of an increase in SOC content. The increase in microporosity leads to an increase in the SWR force and the release of water becomes more difficult. Therefore, it can explain the decrease in AvS, which might provide an estimate for the rate of release of water. The large SOC content of more than 30 g kg −1 for the coarse-textured soil (G5) probably improved aggregation and the increase in macropores, therefore increasing AvS. In fine-textured soils, any increase in SOC content resulted in an increase in the number of macropores, which improved interpore connection. Consequently, soil releases water more rapidly, which might explain the increase in AvS. The effect of organic carbon on AvS was more significant with a small increase in SOC content in fine-textured soils.
Intercept and AvS as a quality index of soil structure
The comparison of average intercepts with AvS ( Figure 6 ) revealed a new plane that could be relevant to the study of the effects of texture and SOC content on soil hydrodynamic properties and soil physical quality. Two soil groups can be observed in Figure 6 . The first group (G1, G2 and G3) is marked by a small WHC (intercept <0.6 m 3 m −3 ) and a small rate of release of water (AvS < 1.3). It is composed of fine-textured soils with small SOC content (SOC ≤ 20 g kg −1 ) and coarse-textured soils with small and medium SOC contents (SOC < 30 g kg −1 ) that can define poor soil structure (cluster 1). The second group (G4, G5 and G6) is composed of coarse soil samples with large SOC content (SOC > 30 g kg −1 ) and fine-textured soils with medium and high SOC contents (SOC > 20 g kg −1 ). The second group possibly defines a good soil structure (cluster 2) with the large WHC (intercept >0.6 m 3 m −3 ) and ease of water release (AvS > 1.3). Therefore, the intercept increases with soil microporosity resulting from clay content in fine-textured soils and from SOC content in coarse-textured soils and AvS increases with macroporosity, which can result from SOC content in fine-textured soils and sand content in coarse soils.
Conclusion
For the samples studied, SWSI showed a linear relation with volumetric SWC. Furthermore, the slope and intercept of the linear relation varied with different soil types and they correlated significantly with texture and SOC content. The intercept can be used to estimate SWC at saturation, and as such it was significantly correlated with soil BD, SOC content, and sand and silt contents. Overall, it increased when soil porosity increased (i.e. BD decreased), which was principally related to soil particle-size distribution. In coarse soils, microporosity might increase with increasing SOC content, leading to an increase in the intercept and decrease in AvS. In fine-textured soil, an increase in SOC content resulted in an increase in macroporosity, and therefore AvS increased. Thus, the effects of SOC content on both intercept and AvS changed with soil texture, and especially the sand:clay ratio. Furthermore, our results enabled us to define a new approach based on the plane (i.e. the intercept and AvS), which can be used to study soil hydrodynamic properties such as SWR and WHC, and monitor the effects of some key factors of soil, such as texture and SOC content, on SWC. Our results also showed that NIR spectroscopy was relevant for assessing structure and soil physical quality, which opens up further possibilities. In addition, an increase in the intercept and AvS was generally associated with an improvement in soil structure.
